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A phase separation into a liquid and an exciton gas is found for the optically generated electron-
hole system in indirect-gap Al,Ga,_,As. The formation of electron-hole droplets occurs on a time
scale of a few hundred picoseconds, i.e., much more rapidly than in Si or Ge. This rapid droplet
formation is found in Al,Ga,_, As regardless of whether it is an indirect-gap semiconductor due to
its alloy composition or due to application of hydrostatic pressure. A subnanosecond phase separa-
tion is, however, not observed in GaAs, which is an indirect-gap semiconductor under hydrostatic
pressure. This gives strong evidence that the accelerated nucleation dynamics is caused by alloy dis-
order. We determine the equilibrium density and critical temperature of the liquid phase from a
preliminary phase diagram to be 4.5X 10" cm ™ and 34 K, respectively. The electron-hole plasma
with density and temperature above the critical parameters is still bound with respect to the free ex-

citon and shows self-confinement.

I. INTRODUCTION

The condensation of an electron-hole system into a
liquid state in equilibrium with an excitonic gas is well es-
tablished in the indirect-gap semiconductors Si and Ge.!*?
Growth of electron-hole droplets up to macroscopic size
is observed as a consequence of extremely long carrier
lifetimes in these materials.> In contrast, carrier lifetimes
are too short to allow an equilibrium phase separation in
direct-gap semiconductors such as GaAs or CdS.*° Ex-
perimental results are consistently described here by a
nonequilibrium dynamics of small electron-hole clusters.*

The semiconductor alloy Al Ga,_,As represents in
this context an intermediate situation. This ternary com-
pound is an indirect-gap semiconductor above a cross-
over composition x.,%’ or a crossover pressure P_,* re-
spectively. The lowest conduction-band minimum is situ-
ated at the X point of the Brillouin zone for both situa-
tions. This material system thus provides a large density
of states for optically excited electrons just as in Si.® The
transition probability for indirect electron-hole recom-
bination in Al Ga,_,As close to the crossover point is,
however, largely enhanced with respect to Si or Ge.
These indirect transitions proceed via virtually assumed
states in the I' minimum, which are nearly resonant to
the initial states at the X point.” This results in a lifetime
of electron-hole pairs in the nanosecond regime,'® which
is rather comparable to the situation in GaAs. We will
show that droplet condensation still occurs in indirect-
gap Al ,Ga,_,As. The nucleation dynamics is, however,
2 orders of magnitude faster than in Si as a consequence
of alloy disorder.

The possibility of electron-hole droplet formation in
the Al,Ga,;_,As system was previously addressed by
several authors. Cohen et al.!! reported that the density
in an optically excited electron-hole plasma did not
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change significantly with time. Similar results were ob-
tained in picosecond high-excitation experiments by Kalt
et al.'® An electron-hole liquid was proposedly observed
in Alj 4,Gag ogAs, i.e., a material close to pure AlAs, by
Bimberg et al.'> Again, the interpretation of the
luminescence experiments was based mainly on observa-
tion of a constant plasma line shape.

The dependence on excitation fluence and the temporal
development of the electron-hole system surely can give
first hints on the presence of a liquid phase in a highly ex-
cited semiconductor. An unambiguous proof of this con-
densation process is, however, only achieved if a phase
diagram of the electron-hole system is determined or the
phase separation into an exciton gas and the liquid is
demonstrated in the experiments. Neither of these cri-
teria has been fulfilled in the above-mentioned experi-
ments. In the following, we will demonstrate both cri-
teria for the condensation in Al ,Ga,_,As close to the
crossover point. We will also give a consistent descrip-
tion of all experiments on the electron-hole plasma in this
indirect-gap semiconductor alloy.

This paper is organized as follows. After the descrip-
tion of the experimental procedures in Sec. II, we will
present some typical results of picosecond luminescence
spectroscopy in indirect-gap Al Ga,_,As (IIT A). A pre-
liminary phase diagram is constructed using parameters
extracted from luminescence line-shape fits (III B). The
experimental results are then compared to parameters
calculated with a model which employs a simple approxi-
mation for many-body effects (III C). Some dynamical as-
pects of the droplet formation and the phase separation
will be discussed in Sec. III D. We will then focus on the
dynamics of the band-gap narrowing due to many-body
effects (II E) and finally present some properties of the
plasma above the critical parameters (III F). The paper
will be summarized in Sec. IV.
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II. EXPERIMENTAL PROCEDURES

We perform photoluminescence studies on a pi-
cosecond time scale. The samples are excited by pulses [5
ps full width at half maximum (FWHM)] from a tunable,
synchronously pumped dye laser using Rhodamine 6G as
the gain medium. The luminescence signal is spectrally
and temporally resolved by a combination of a 0.32 m
spectrometer and a streak camera with a two-dimensional
readout. The temporal resolution of the system is limited
by trigger jitter to about 10 ps.

We study a variety of Al Ga,_, As samples close to
the crossover from a direct-gap to an indirect-gap semi-
conductor. For one, we use thin layers of indirect-gap
Al,Ga,_, As with thicknesses of less than 2 um. These
layers are grown by liquid-phase epitaxy on GaAs sub-
strates. The AlAs mole fraction x is determined from
photoluminescence excitation spectroscopy and time-
integrated photoluminescence at low excitation. The ex-
tracted energetic position of the direct absorption edge at
He temperature is compared to a reference sample whose
x value is determined by high-resolution x-ray diffraction
to be x =0.42. The luminescence dynamics shows that
this sample is right at the crossover composition.!> All
samples are mounted in a He cryostat and kept at a lat-
tice temperature of 5 K.

We further use a direct-gap Al,Ga,_, As epitaxial lay-
er with x =0.38. This sample is placed in a diamond-
anvil cell with He or Xe as pressure medium.'* The
direct-to-indirect crossover is now achieved by applica-
tion of high hydrostatic pressure to the sample. The
nominal crossover pressure at 5 K for this sample is
P.=17.5 kbar. This procedure provides the possibility to
simulate the same constellation of I' and X minima in the
conduction band as in indirect Al,Ga,_,As but at a
different level of alloy disorder. The energies of the band
gaps can be tuned in this case without changing the sam-
ple, i.e., there is no influence of varying sample quality
and the alloy disorder remains fixed.

Finally, we used a thin GaAs layer (0.6 um thick)
grown between two 7-um-thick Alj;,Gag,0As barrier
layers. The GaAs substrate was completely removed to
eliminate the luminescence from the substrate. This sam-
ple is an indirect-gap semiconductor for hydrostatic pres-
sures in excess of 42 kbar.® Again, the same constellation
for ' and X minima is achieved, but now without any
influence of alloy disorder.

III. RESULTS AND DISCUSSION

A. Temporal evolution of the luminescence

We first want to discuss in detail the picosecond
luminescence studies on the Alj ;3Gag ¢;As sample under
hydrostatic pressure (all experimental data shown in Figs.
1-7 were recorded in this sample). The free and the
donor-bound exciton at the X point are the lowest elec-
tronic excitations at a hydrostatic pressure of 6.9 kbar for
very low excitation.!” The luminescence of the donor-
bound exciton saturates for increasing excitation level
and a broad emission due to bimolecular recombination

of electron-hole pairs is detected. The electrons of this
plasma reside predominantly in the X minima. The
recombination processes for free excitons as well as for
the plasma proceed without the participation of phonons.
This process is a consequence of the relaxation of the
momentum conservation by alloy disorder!® and dom-
inates the recombination in Al,Ga;_,As samples close to
the crossover point.!”

The temporal evolution of the luminescence spectra at
an excitation level of F,,,=2.2 uJ/cm? is depicted in
Fig. 1. The excess energy of the pump laser is about 30
meV. The initial carrier temperature is thus distinctly
elevated, but the cooling of the electron-hole system to
some 50 K takes only few picoseconds in an indirect-gap
semiconductor at low excitation.”® The luminescence
progressively splits up into two lines. The narrow line at
higher photon energies coincides with the free exciton at
the indirect gap observed in time-averaged luminescence
at very low excitation. The luminescence from less-
excited areas of the sample was eliminated by imaging the
excited spot on the sample onto a pinhole. The exciton
luminescence thus originates from the center of the excit-
ed spot. The broad line at lower photon energies shows
some red shift with time, but is nearly constant in line
shape for times longer than 200 ps. We will prove below
that this emission stems from the recombination in con-
densed electron-hole droplets. The series of luminescence
spectra in Fig. 1 thus shows the dynamics of the phase
separation of an electron-hole plasma into a condensed
liquid and an excitonic gas.

B. Experimental phase diagram and critical parameters

An unambiguous proof of droplet condensation is only
given when the density in the droplets is shown to de-
crease with temperature, i.e., when part of the phase dia-
gram can be constructed. In order to give this proof, we
extract the experimental plasma parameters from our
time-resolved luminescence spectra. We model the line
shape I (#iw) of spectra at long delay times, i.e., when this
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FIG. 1. Temporal development of the luminescence signal in
Alj 13Gag ,As at a hydrostatic pressure of P=6.9 kbar and for
excitation with 2.2 uJ/cm?.
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line shape is nearly constant in time. The plasma
luminescence is fitted by the convolution of the joint den-
sity of states and the Fermi functions f,,(E,n,T) for
electrons and holes as is appropriate for indirect transi-
tions. !’

fiw—E’
I (fiw) ‘EV%#o—E —E)V2f f,dE . (1)
0 g e h

The exciton line shape is given by?
fiw— Egg
kpT

I (#iw) =< (fiw— Egg)' % exp )

Only zero-phonon recombination is taken into account.
Phonon sidebands only play a role for larger separations
of I' and X minima, i.e., for higher pressures or x values,
respectively.!” The fit parameters are the renormalized
indirect band gap E,, the pair density n, the energy of the
free exciton Egg, and the common temperature T for the
excitons and the plasma.

A typical result of this procedure is shown in Fig. 2.
The experimental line shape is well reproduced by our
model. Some minor mismatch remains at the low-energy
sides of the exciton and plasma line shape. Resonant ex-
citation of the exciton at low fluence shows that part of
the tail in the exciton line results from localized excitons.
Additional contributions might stem from recombination
accompanied by inelastic scattering. No broadening due
to final state damping accompanied by plasmon excita-
tion"? is included in the plasma line shape. Especially in
the case of indirect recombination, this mechanism is ex-
pected to change the fit parameters only slightly.

We find from the line-shape fits that the plasma param-
eters for long delay times are not directly dependent on
the excitation density in the range between 1 and 16
wJ/cm?. The only consequence of the increased excita-
tion level is that the carrier temperature is slightly
higher. The carrier density for ¢ > 200 ps is always in the
range of (3-4)X10'"® cm™3, although the excitation
fluence is varied by a factor of 16. The dependence of the
carrier density on the carrier temperature for these con-
ditions is shown in Fig. 3 (crosses). The n-T diagram

luminescence intensity
(lin. arb. units)

-------- L 1 1
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FIG. 2. Fit (solid line) to a photoluminescence spectrum
(dots) at a time delay of 360 ps after excitation with 16 puJ/cm?.
Dashed line, electron-hole droplet; dotted line, free exciton.
The fit parameters are n =4X 10" cm * and T=30 K.
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FIG. 3. Temperature-density diagram for Alj;3GageAs

(P =6.9 kbar). Dashed line, proposed phase diagram (see text).

shows exactly the signature of an electron-hole-liquid
phase diagram, i.e., the density decreases with rising tem-
perature. This is definite proof for the condensation into
electron-hole droplets.

A first experimental phase diagram is given by simply
connecting the experimental points (dashed line in Fig.
3). It is clear that more data, especially for stationary ex-
citation conditions, are necessary to complete this dia-
gram. It is possible, however, to get reasonable estimates
of the liquid parameters. The critical temperature T, is
estimated to be 34 K, the critical density n,, and the
ground-state density n, are about 2X 10'® and 4.5Xx 10'®
cm 3, respectively (see Table I). The binding energy of
the liquid Ey,,4, which is determined by the difference be-
tween the chemical potential of the liquid and the energy
of the free exciton, is found to be 6(%2) meV. These
liquid parameters are similar to the ones found in Si.'

The plasma density and temperature for the case of ex-
citation with F_, =64 uJ/cm?’ is represented by the dots
in Fig. 3. The carrier temperature here stays above T,
for times up to 500 ps. The carrier density increases with
temperature for this excitation level. We will discuss the
properties of the electron-hole plasma above the critical
parameters in more detail in Sec. IITF.

C. Theoretical model

We want to describe in this section a simple model to
estimate the theoretically expected parameters of the

TABLE I. Electron-hole liquid parameters.

) Ebmd he Tc
(em™%) (meV) (cm™?) (K)
theory 3IX10" 9.6 1x10" 25
experiment 4.5% 10" 6(£2) 2X10"* 34(x2)
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electron-hole liquid. Only the band-structure and exciton
parameters of the material under investigation are essen-
tially needed in this model. The many-body effects are
treated by a simple approximation.

We first determine the equilibrium density n, and the
binding energy E 4 of the liquid phase. We start with a
calculation of the ground-state energy E; at T=0 K
from!

EG:Ekm+Exc . (3)

The average kinetic energy E,,, is determined for a given
carrier density n by the Fermi energies Eg" of electrons
and holes:

Ein(n)=2[Ef(n)+E}(n)] . 4)

We use the band parameters® of Alj,sGa, ssAs for the
calculation of the density-of-states masses needed in Eq.
(2). The exchange-correlation energy E,., which de-
scribes the self-energy corrections due to many-body
effects in the electron-hole system, is approximated in
units of the excitonic Rydberg Ry* by the universal for-
mula of Vashishta and Kalia:*

E (r) a+br )
r)=——-
xens ¢ +dr, —%-rs2

where a, b, ¢, and d are universal constants (see Ref. 20)

and 7, is the normalized interparticle distance determined
by the carrier density and the excitonic Bohr radius ag:

— . (6)

47hn

The minimum of the ground-state energy as a function of
r, defines the ground-state density n, and the liquid bind-
ing energy Ey 4.

The critical parameters of the liquid phase are deter-
mined from a calculation of a set of isotherms of the
chemical potential i as a function of pair density n:

u(n, T)=E,(n)+Ef(n,T)+E}n,T) . (7

We again use E,_ from the universal formula [Eq. (5)] to
calculate the renormalized band gap E; in Eq. (7):

P _ d
E;=E,+AE,=E,+n——E +E, . (8)

It was shown in Ref. 21 that this is valid in indirect-gap
Al,Ga,_,As. The critical temperature 7, is then given
by the isotherm of the chemical potential u, whose
derivative at the turning point is zero. Finally, the criti-
cal density n, is calculated from the scaling law
n./ny=0.34.2

The experimental and calculated parameters are sum-
marized in Table I. The data are in reasonable agree-
ment, although we used a rather crude approximation for
the many-body effects. This agreement strongly supports
the interpretation of our experimental data in terms of a
fast droplet formation.
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D. Dynamics of droplet formation and phase separation

The experimental phase diagram of indirect-gap
Al,Ga;_,As close to the crossover point is found to be
very similar to the one in Si. This is expected considering
the similarity of the exciton parameters in both materials.
The formation of electron-hole droplets in Si was mea-
sured to occur on a time scale of 50 ns.>* The nucleation
dynamics in Al,Ga,_,As is obviously much faster, illus-
trating some distinct differences between an elemental
and an alloy semiconductor.

The onset of the droplet luminescence (Fig. 4) in
Al,Ga,_,As depends on the excitation fluence, or the
density of initially excited carriers, respectively. The on-
set time is faster for excitation at F_ ., which corre-
sponds to an initial carrier density n,, of 5X10!7 cm 3,
than for F,,, (n,,=7X10'® cm™3). The initial densities
are estimated from the absorption coefficient. The
luminescence decay, however, is exactly equal for both
excitation densities.>* This demonstrates that stable
droplets have formed within about 150 ps.

The rather fast dynamics of the droplet formation indi-
cates that the condensation in indirect-gap Al,Ga;_,As
occurs from the plasma phase, in contrast to Si, where
first free excitons are formed. The free excitons in Si first
cluster to multiexciton complexes and eventually form
droplet embryos which grow to macroscopic size.> No
multiexciton lines, only free-exciton and bimolec-
ular recombination in the liquid, are observed in
Al ,Ga,_ As.

A huge number of tiny droplets thus appears to nu-
cleate in the alloy semiconductor. An equilibrium with
the simultaneously forming excitonic gas phase can only
be reached once the droplets have grown big enough, i.e.,
when the droplet surface is large enough for an efficient
exchange of excitons through it. Consequently, the drop-
lets are not necessarily in equilibrium with the exciton
gas surrounding them. An equilibrium implies a com-
mon temperature for excitons and droplets, i.e., a fit to
the overall luminescence line shape is possible with a
common temperature as described above.
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FIG. 4. Time dependence of the spectrally integrated
electron-hole luminescence for various excitation levels. Solid
line, F\,,; dashed line, F.4; dashed-dotted line, F,,,.
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However, this is not the case for low excitation levels
and short delay times after the excitation pulse. Here, it
is only possible to fit the line shape of the two entities
separately. The temperature of the exciton gas is always
found to be lower than the temperature of the liquid. A
common temperature for both subsystems is reached at
about 200 ps for F .4 and 360 ps for F,,. No equilibri-
um, however, is reached for even lower excitation at 1
uJ/cm? within 1 ns. The achievement of an equilibrium
phase separation depends, as expected, on the initially ex-
cited carrier density, i.e., on the size of the droplets.

A large number of tiny droplets implies of course that
a huge number of condensation seeds is available. These
condensation seeds are inherently provided in
Al,Ga,_ As by the random potential fluctuations due to
alloy disorder.!®?®> We prove this point by studying the
nucleation dynamics in different samples. We find that
the dynamics of droplet formation is even faster in sam-
ples with slightly higher disorder (e.g., about 120 ps in
Al 4,Gag sgAs). No droplet formation at all, however, is
observed in GaAs, which is indirect due to application of
hydrostatic pressure. The pair luminescence in the latter
case for all excitation levels is consistent with an
electron-hole plasma phase, i.e., the density increases
with temperature. Of course, no disorder is present in
this sample. The velocity of nucleation thus scales with
the amount of alloy disorder in the material, which im-
mediately explains the differences between Si and
Al,Ga,;_,As.

E. Band-gap renormalization

Many-body effects in the electron-hole system lead to a
strong reduction of the quasiparticle self-energies.! One
result of this reduction is the narrowing of the band gap
in the highly excited semiconductor. This band-gap re-
normalization is directly accessible in the luminescence
experiment, because the band-gap energy determines the
low-energy tail of the emission. In the case of the funda-
mental band gap, both exchange and correlation effects
contribute to the narrowing. It was shown in Ref. 21
that the renormalization in indirect-gap Al,Ga,_,As is
well described by Eqgs. (8) and (5).

The dynamics of the band-gap renormalization AE g‘;p
for the electron-hole system below and above the critical
parameters is illustrated in Fig. 5. We observe a renor-
malization increasing with time in the case of condensa-
tion to electron-hole droplets (Fy,, and F.4). Two pro-
cesses can contribute to the band-gap narrowing: first,
the carrier density in the droplets increases as a result of
carrier cooling by emission of acoustic phonons. Second-
ly, the average surface energy per carrier decreases when
the droplets grow in size.

We want to illustrate the magnitude of both effects for
the example of medium excitation. The pair density in
the droplets for t =120 and 360 ps is 3.86%10'® and
4.04% 10" cm 3, respectively. The theoretical renormal-
izations are calculated according to Eq. (8) to be 43 and
44 meV. The experimental values [39(+2) and 42(%2)
meV], which are extracted from our line shape fits, are
only slightly smaller than theoretically predicted and
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dots, F ... The solid lines are guides to the eye.

show the same tendency to increase.
The contribution of the surface energy to the renormal-
ization is calculated from*

9

N
Here, N is the number of electron-hole pairs in the drop-
lets, o is the surface tension, and R is the radius of the
droplets given by

3N
4m n,

AE,=247Rj )

173

Ry= (10)

No many-body calculation is, to our knowledge, available
for the value of the surface tension in Al, Ga,_,As. We
thus assume o =10 ~? erg/cm?, which corresponds to the
magnitude of the surface tension in Si.> This assumption
is reasonable, because optical masses and the static
dielectric constant are very similar in both materials.
The resulting contribution to the renormalization is only
significant for rather small droplets, e.g., AE; =2 meV
for N=6 and AE, =1 meV for N =50. The droplet dy-
namics, which was discussed in the previous section, indi-
cates that small droplets are dominant in the materials
under consideration.

We conclude from these calculations that both increas-
ing density and reduction of surface energy are of the
correct magnitude and can contribute to the experimen-
tally observed temporal shift of the band gap (Fig. 5).
The method of luminescence line-shape analysis, howev-
er, is limited to an accuracy of about +2 meV for the
determination of the experimental band gap. We are thus
not able to explicitly separate both contributions.

The temporal development of the band-gap renormal-
ization for the case of high excitation level shows a com-
pletely different behavior than just discussed: the band
gap increases with time. The experimental values of the
renormalized band gap are in excellent agreement with
Eq. (8), which is demonstrated in Fig. 6. We want to dis-
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FIG. 6. Band-gap renormalization for excitation with F,,,.
The dots are the experimental values determined from fits to
spectra at a various delay times after excitation (compare dots
in Fig. 3). The solid line is the theoretical band-gap narrowing
according to Eq. (8).

cuss some properties of this electron-hole plasma phase
above the critical parameters in the next section.

F. The electron-hole plasma above the critical parameters

We have already proven that the properties of the
electron-hole system for excitation with F,,, correspond
to the expected behavior of a plasma phase above the
critical parameters. The signatures of this phase are in
many respects different from the liquid. Both tempera-
ture and density decrease in time (see dots in Fig. 3),
which causes a shift of the band gap to higher energies
(Figs. 5 and 6).

The determination of the chemical potential of the
plasma shows that the plasma phase in indirect-gap
Al ,Ga,_,As is still bound with respect to the free exci-
ton. The binding energy of the plasma increases in time
(see Fig. 7) and approaches the binding energy deter-
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FIG. 7. Binding energy of the plasma phase for excitation
with F_,. as a function of time. The dashed line is a guide to
the eye.
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mined for the liquid phase (6 meV). Consequently, this
plasma phase is self-confined, i.e., it does not expand. A
phase transition to a liquid state is, however, not possible,
because the carrier temperature does not drop below the
critical temperature within the rather short lifetime of
the electron-hole pairs.

That the plasma state is self-confined is supported by
comparison to our theoretical model. The band-gap re-
normalization of an expanding electron-hole plasma is
found to deviate significantly from the theoretical behav-
ior [Eq. (5)], unless the line-shape analysis is corrected for
the drift velocity of the carriers.’® Theory and experi-
ment in the case of high excitation in our samples, how-
ever, are in excellent agreement without any correction,
confirming that a plasma expansion does not occur. The
tendency of the plasma to a self-confinement is further
proven by a comparison of the plasma density with the
initially excited carrier density. The latter one is estimat-
ed from the excitation fluence and the absorption
coefficient to be 2X10'"® cm 3. The density in the plasma
(see Fig. 3), however, is about a factor of 3 higher. Simi-
lar arguments for a confinement of the plasma above T,
were also given by Cohen et al. ! They were, however,
not able to determine the critical parameters of the plas-
ma.

A definite distinction between the phases of the
electron-hole system in indirect-gap Al ,Ga,_ As, i.e.,
between liquid and self-confined plasma, is only possible
by their density versus temperature characteristics. The
density in the incompressible liquid phase varies only lit-
tle in time, if at all, and decreases with rising tempera-
ture. The density in the confined plasma increases with
temperature. Its temporal evolution, however, strongly
depends on experimental conditions such as the initially
excited pair density. For sufficiently long carrier life-
times, as can be reached in samples with barrier layers,
the plasma density does not vary significantly in time, be-
cause the self-confinement counterbalances the carrier
losses by recombination. It was shown in Ref. 21 that the
band-gap renormalization, even for carrier densities in
excess of 10" cm™ 3, is well described by theory. This is
consistent with a negligible expansion of the plasma even
for extremely high carrier densities. The plasma, howev-
er, is far above the critical parameters for liquid forma-
tion as a result of extremely high excitation fluences.
These conditions prevailed in the experiments of Cohen
et al. ' Bimberg et al.,'? and Kalt et al.' Their obser-
vations are consistent with the properties of a self-
confined plasma phase.

The occurrence of this self-confinement on a pi-
cosecond time scale is actually rather surprising. Nega-
tive diffusion constants resulting from temperature gra-
dients were proposed by the nonequilibrium
thermodiffusion model.?’ Diffusion, however, is not ex-
pected to be significant on a picosecond time scale. It
thus seems that the properties of the plasma phase in
Al ,Ga,_ As cannot be explained in the framework of
the theories developed for Si and Ge. At this point we
can only speculate about the reason for these differences.
The nucleation of droplets in Si occurs on a scale that is
longer than the time constants for diffusion. This is in
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contrast to the results in Al ,Ga,_, As. Here, the nu-
cleation dynamics, and thus also a possible buildup of
local-density fluctuations in the plasma phase, is extreme-
ly fast, presumably as a result of the alloy disorder. It is
clear that much more theoretical and experimental work
is necessary to achieve a comprehensive understanding of
these nonequilibrium phenomena.

IV. SUMMARY

The electron-hole system in indirect-gap Al,Ga,_ As
undergoes a phase transition to a liquid state on a time
scale of a few hundred picoseconds. The velocity of this
phase transition scales with the amount of alloy disorder
in the material and is orders of magnitude faster than in
elemental indirect-gap semiconductors. The achievement
of a thermal equilibrium of the electron-hole droplets
with the surrounding gas of free excitons depends on the
density of initially excited carriers. We are able to con-
struct a first experimental phase diagram and estimate
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the critical parameters and the ground-state density of
the liquid phase. The many-body effects in the plasma,
especially band-gap renormalization, can be described
consistently by a simple theoretical model. The
electron-hole plasma above the critical parameters is still
bound with respect to the free exciton and is thus self-
confined. Previous experimental observations in
indirect-gap Al,Ga, _,As published by other authors can
be explained consistently when this self-confinement is
taken into account.
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